INTRODUCTION
H ypertension is a leading risk factor for cardiovascular disease. Several genome-wide association studies (GWAS) have implicated common variants at approximately 166 loci associated with SBP and DBP across multiple studies and populations, but the specific genes involved are unknown and are yet to be narrowed down within each locus. Further, these common variants collectively explain only a small fraction (<3%) of the total phenotypic variance of blood pressure (BP) traits [25] . There is an emerging consensus that low frequency and rare variants may account for a significant fraction of the remaining variance [26] . If so, genotyping catalogs different from those that enable GWAS are required. The Illumina HumanExome Beadchip (exome chip) was designed as an array-based assay enriching for the lower frequency genetic variation that could be detected within exomes. The more than 240 000 variants on this chip were selected for their functional significance from $12 000 human exome and genome sequences from individuals of varying ancestry (mainly European) and common disease states [27] . These variants include primarily nonsynonymous, splice-site, and nonsense variants, with an enrichment of low-frequency variants down to a frequency of occurrence at a minimum of two or three times in at least two datasets [28] .
The current study focuses on identifying specific genes associated with SBP and DBP long-term average residuals, similar to our previous efforts with common variants [7] , adjusting for major BP confounders including BMI, age, and sex. We analyzed individuals of African ancestry within each study and then combined the results by meta-analysis across eight cohorts, including Africa America Diabetes Mellitus (AADM), Atherosclerosis Risk in Communities (ARIC) Study, Coronary Artery Risk Development in young Adults (CARDIA), Genetics Network (GenNet), Genetic Epidemiology Network of Arteriopathy (GENOA), Howard University Family Study (HUFS), Hypertension Genetic Epidemiology Network (HyperGEN), and Loyola University Chicago Cohort (LUC). The prevalence of hypertension is increased in African Americans as compared with other populations in the United States [29] , and moreover, they are not highly represented in genetic epidemiological studies [6, 23, 24, 30] ; the only previous major GWAS with an exclusively African-ancestry discovery sample size larger than ours focused on common variant-level analyses [6, 23] . Therefore, this study aims to expand the list of genes potentially involved in BP outcomes in these individuals, with a focus on single variants across the full frequency spectrum, as well as on the gene level. These analyses suggest several rare variant gene candidates for BP regulation, which are likely candidates based on published functional data. Additional analyses focusing on a subset of genes known to be involved in monogenic hypertension and hypotension syndromes, in which many rare variants of large effect have been implicated in BP [31] [32] [33] , were also conducted.
METHODS

Study participants
Eight studies consisting of individuals (n ¼ 15 914 after quality control procedures) of African ancestry were analyzed in this study, including several individuals from the family-based studies AADM [34, 35] , GenNet [36, 37] , GENOA [36, 37] , HyperGEN [36, 37] , and HUFS [38, 39] as well as from the population-based cohorts ARIC [40, 41] , LUC [42] [43] [44] [45] , and CARDIA [46, 47] . The AADM and LUC studies consist of native Africans with no European admixture; the participants from the remaining cohorts all consist of African Americans. The AADM cohort was designed to study the genetic epidemiology of diabetes and related traits including hypertension, and the HUFS cohort was designed to study multiple cardiometabolic traits including hypertension. The ARIC and CARDIA studies focus overall on cardiovascular traits and events, including BP. The remaining studies were recruited specifically to study BP and associated traits. Brief descriptions and additional data collection methods for each study are provided in the Supplemental Digital Content, http://links.lww.com/HJH/ A749, Description of Cohorts. Genotyping information and phenotypic characteristics from the initial examination or phase of samples analyzed from each cohort are described in Table 1 . An extended table describing phenotypic characteristics of all physical examinations/phases for all studies is presented as Supplemental Digital Content Table S1 , http://links.lww.com/HJH/A749. All studies obtained written informed consent from the participants as well as approval from their institutional review boards.
Exome chip genotyping
Samples were genotyped either at the Center for Inherited Disease Research (CIDR) at Johns Hopkins University on the Illumina HumanExome BeadChip v1.0 (247 870 variants) or at the Human Genetics Center at the University of Texas Health Science Center at Houston (Houston) on either v1.0 or v1.1 (242 901 variants) (http://www.charge consortium.com/main/exomechip) [48] . Genotypes were called with Illumina's GenTrain 1.0 (CIDR) or Gentrain 2.0 (Houston) clustering algorithm from the Illumina GenomeStudio v2011.1 software (Illumina, Inc., San Diego, CA, USA).
Quality control of genotypes
Quality control of the samples and variants was carried out within each cohort, for this study, using the programs PLINK [49] , R [50] , and KING [51] . We began with 17 940 total individuals and either 247 870 or 242 901 variants, depending on the version of the chip used. Technical failure variants were removed prior to sample and variant quality control. Blind duplicates, identified by CIDR's quality control reports where available, and unexpected duplicates, identified by PLINK's identity-by-state (IBS) distance metric (DST) more than 0.98, were then removed from the samples, and those remaining were filtered on call rate (>95% retained), X-chromosome heterozygosity, and PLINK's sex check F-statistic to identify sex discrepancies, as well as autosomal heterozygosity to identify individuals with unexpectedly high or low heterozygosity. Custom thresholds selected for the heterozygosity filters were a minimum of 3 SDs from the mean of each of the distributions. Finally, individuals with Mendelian errors, which may indicate genotyping errors or incorrect relationship assignment within their families, were excluded, as well as exhibiting too many first-degree or second-degree relationships within their cohort reflecting a data-quality issue, as preliminary pedigree error correction; more extended pedigree error corrections were carried out after variant quality control.
Quality control of variants include discarding those with more than 5% missing data and those failing the HardyWeinberg Equilibrium (HWE) exact test in PLINK [24] [defined as P < 1 Â 10 À6 on variants with minor allele frequency (MAF) more than 0.01 only, as HWE estimates on variants with lower MAF become less reliable] [23] . Duplicate single nucleotide polymorphisms (SNPs) with discordant genotypes were removed within each cohort for downstream analyses.
Pedigree errors and sample switches were subsequently identified and corrected using KING and PLINK by IBS information. For the ARIC and LUC studies, only samples related as third degree or beyond were retained for analysis. These procedures left 15 914 individuals with $233K variants in each cohort genotyped on the v1.0 chip and $238K variants in each cohort genotyped on the v1.1 chip. The vast majority of the variants removed were due to technical failure. The average call rate of the samples remaining after all quality control procedures is $99.95%.
Variant annotation
Variants on the chip were annotated using ANNOVAR (''Annotate Variation'') [52] and phyloP [53] scores. A subset of 42 018 variants was annotated as 'deleterious', defined as consensus intronic splice-site, nonsense-mediated decay (NMD)-compatible stop-gain, or conserved missense (phyloP > 4) variants. These variants were the ones considered in the T1 burden test including only those variants predicted to be deleterious with MAF < 0.01 (Burden-T1-del) analyses (refer to the Statistical analyses section).
Phenotypes
The traits SBP and DBP were analyzed in this study. For each sample, SBP and DBP measurements from all available visits were adjusted for medication use when applicable, by adding a fixed constant of 15 mmHg for SBP and 10 mmHg for DBP measurements [54] . These corrected measurements were then further adjusted in a linear regression using the known BP measurement confounders age, age-squared, sex, BMI, the first 10 principal components of ancestry, and study center (where applicable for each cohort) per available visit per individual as covariates. Principal components were calculated for all cohorts using KING-mds, which accounts for pedigree structure, on a linkage disequilibrium-pruned set (r 2 < 0.5 within window ¼ 50 SNPs, step ¼ 5 SNPs) of common variants (MAF > 5%). The resulting adjusted BP values, or residuals, were then averaged across all available visits for each sample and used as the phenotypes in the analyses described below. Selected individuals were dropped for issues including lower SBP than DBP, and implausible BMI values, but otherwise the full distribution was analyzed. The majority of individuals in some cohorts have data available for one examination only (AADM, GenNet, HUFS, HyperGEN, and LUC), whereas in the others (ARIC, CARDIA, and GENOA) the majority have data from more than one examination. The Pearson correlation coefficients for first examination residual versus average residual for individuals with multiple visits in each cohort are reported in Supplemental Digital Content Table S2 , http://links.lww.com/HJH/A749.
Statistical analyses
Study-level analyses were conducted, followed by fixedeffects meta-analyses to combine the results with the seqMeta [55] package in R, using SBP and DBP residuals as phenotypes. To account for correlations among relatives, a kinship matrix was used in seqMeta for family-based cohorts. For these meta-analyses, the union of nonmonomorphic SNPs passing quality control in each of the cohorts was analyzed (170 540 variants). Analyses were restricted to autosomal and X-chromosomal variants.
We performed both single-variant analyses assuming an additive model, as well as gene-based tests, using the included SNP information files in seqMeta for gene definitions. The gene-based tests are particularly useful for analysis of rare variants, which individually have low numbers of carriers in the population, by aggregating variants into functional units (genes) and testing for cumulative effects. The single variant analyses were grouped into three frequency classes (common: MAF ! 0.05, low frequency: 0.01 MAF < 0.05, and rare: MAF < 0.01). For gene-based analyses, we considered sequence-kernel association test (SKAT) [56] , the T1 burden test [57] including all variants with MAF less than 0.01 (Burden-T1-all), and the T1 burden test including only those variants predicted to be deleterious (Burden-T1-del), which are defined as intronic splice, NMD-compatible stop-gain, or conserved missense (phyloP > 4). The SKAT test is expected to be more powerful when the region contains variants that are largely neutral or have opposing directional effects, whereas burden tests are expected to be more powerful when the region contains variants largely in the same direction [56, 58] . Statistical significance was defined by the Bonferroni method of multiple test correction, considering the number of associations computed within each analysis. There was no additional correction for number of phenotypes (two) due to the high correlation between the phenotypes (Supplemental Digital Content 
Power calculations
Assuming an additive model, power was calculated as described previously [59] . Under an additive model, a quantitative trait can be represented by a two-component normal mixture distribution. One component represents the reference allele, weighted by its frequency, P, and the other the alternate allele, with a genetic effect shifted by s SDs with respect to the reference allele distribution, weighted by its frequency q (q ¼ 1 À P). Both distributions are assumed to have variance of 1. Where n is sample size, F is the standard normal cumulative distribution function, and z 1Àa/2 is the standard normal distribution quantile at significance level a, the power to detect the difference in means of the two distributions is calculated as
RESULTS
We conducted single variant analyses by frequency class (common, low frequency, and rare), as well as gene-based SKAT and T1 burden tests as defined above on 170 540 variants in 15 914 individuals of African ancestry. Singleton variants (n ¼ 18 217) were dropped in the single rare-variant analyses to prevent observing significance resulting from partiality due to phenotypic outliers. Further, in genebased tests, genes with only a single variant (n ¼ 10 041)
were excluded, as they were already included in [60, 61] . Otherwise, minimal inflation was observed across most cohorts, even at the meta-analysis level, although the quantile-quantile plots for rare variants presents several variants deviated from the expected, despite well controlled genomic inflation factors [62] . The inflation factor uses the median, which is robust to outliers and so may not be aligned with the quantile-quantile plot when a specific set of outliers is present.
A brief summary of the number of tests conducted, the Bonferroni correction threshold, and significant results for each analysis are shown in Table 2 . A total of 152 323 (nonsingleton) variants were used in the single variant analyses. Significant results from the single variant results are outlined in Table 3 , and those from the gene-based tests are outlined in Table 4 . Although the seqMeta program does not use approximated effect sizes (betas) in its score test, it provides estimates of the (nonstandardized) betas and their standard errors. The beta estimates for all of these significant rare variants indicate a BP increasing effect.
Single-variant analyses of 105 487 variants in the rare variant class revealed several associations with SBP and DBP (Bonferroni threshold P ¼ 4.74 Â 10 À7 ), summarized in Table 3 , with supporting power calculations in Supplemental Digital Content Table S6 , http://links.lww.com/ HJH/A749, and depicted in the Manhattan plots in Fig. 1 . The vast majority of these variants are nonsynonymous (missense). Significant associations of rs150432347 in
), with 19 copies in four cohorts, as well as rs138594727 in CRYBA2 (P ¼ 3.02 Â 10 À7 ), with 15 copies in six cohorts, were identified with SBP. The intronic splice-site SNP rs11568416 in the gene SLC28A3 is additionally associated with SBP (P ¼ 8.92 Â 10 À8 ), with six copies present across unrelated individuals in four cohorts. Other single-variant analysis results include similar associations of rare variants in KRBA1, SEL1L3, and YOD1 with SBP, each with two to four carriers. The variant rs148474705 in GAPDHS is associated with both SBP and DBP, also with two carriers, and the SNP rs142319329 in the gene AFF1 is associated with DBP (P ¼ 2.95 Â 10 À7 ), with eight copies present across unrelated individuals in four cohorts. These variants are all present in heterozygous carriers. The mean standardized effect sizes generally indicate that more copies of the variant correlate with smaller effects, but results in this study are too sparse for this conclusion to be well supported. Table 4 contains the results for the two significant genes from the gene-based tests (Bonferroni threshold P ¼ 1.02 Â 10 À5 ), which are depicted in the Manhattan plots in Fig. 2 [6, 15] , including African Americans. We additionally examined a set of 212 variants representative of the 166 BP GWAS loci, of which 80 were represented in our final cleaned set. Although our SBP single variant results fail to support any of these 80 variants, a few show evidence at P less than 0.01 in the DBP single variant results: rs6969780 in HOXA3 (P ¼ 5.
À3 , MAF ¼ 0.41), and rs926552 in SNORD32B (8.79 Â 10 À3 , MAF ¼ 0.13). These results, though NS in these analyses, may lend additional credence to the possibility of roles of these loci in BP regulation.
Assessment of gene-based test results for the known monogenic renal salt-handling BP genes surprisingly provided little evidence of their roles in BP regulation. The SKAT test for DBP produced the lowest P value for the potassium channel gene, KCNJ5 (P ¼ 1.12 Â 10 À3 ). Four SNPs were analyzed in the SKAT test, but single-variant Table S7 , http://links. lww.com/HJH/A749. Overall, the lack of support for the monogenic genes may possibly be attributed to their explaining a small proportion of all essential hypertension cases.
DISCUSSION
The current meta-analyses of eight cohorts with individuals of African ancestry have identified several statistically significant associations of rare variants with SBP and DBP (AFF1, GAPDHS, SLC28A3, COL6A1, CRYBA2, KRBA1, SEL1L3, YOD1, CCDC13, and QSOX1) and, further, provided additional evidence for previously identified BP loci. Beyond these statistical results, prior biological experiments offer compelling support for the plausibility of these candidates for BP regulation, presented in Table 5 [ [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] .
There were no significant results from either the common or low-frequency single variant analyses, or from the SKAT and Burden-T1-all analyses. Given that the focus of the array is on rare, functional variants, the significant results are, as expected, from the rare single variant and Burden-T1-del analyses. In addition, the majority of the significant rare variants have just two to three copies across the eight cohorts analyzed in this study; this is also expected as one criterion for variant selection, as stated before, is that the majority of these variants only be present in two to three copies in a minimum of two studies, across multiple populations. Supplemental Digital Content Table S8 , http://links. lww.com/HJH/A749 details frequencies of these alleles in the African ancestry sample from the Exome Aggregation Consortium, with similar numbers of copies and frequencies as in this study. Further, the consistency of measurements across multiple visits in a study where applicable for carriers augments the verity of the associations. In addition, the power calculations in Table S6 support that there is sufficient statistical power ($55-80%þ) to detect the majority of variants of these effects and frequencies in this sample size. Despite this, it still must be considered that the few numbers of copies, especially those with only two copies, of these significant results strongly indicate that they require replication and further study for additional support. Though there is some evidence for the $166 GWAS replicated loci as well as the Mendelian syndromic BP genes, their lack of significance in this study is surprising. It is likely that the dearth of common variants available on the chip contributed to inadequate tagging of causal variants within these loci. Despite this, it should be noted that recent BP exome array studies by Liu et al. [20] and Surendran et al. [21] replicated several common, as well as lowfrequency, variants. However, these studies consisted of mostly European ancestry participants, and as the sources of sequences that this chip was designed from were primarily European individuals, this likely made the array less informative for individuals of African and other ancestries. An ethnicity-specific chip may therefore be more revelatory, as the familial hypertension variants might be different in African ancestry patients. In addition, these studies consisted of over 300 000 individuals combined across the discovery and replication stages, whereas our study consisted of just $16 000 individuals, at which power is much lower to detect common variants at their typical effect sizes.
The Mendelian genes are contrastingly well known for containing rare causal variants with large effects, though we saw poor signal here as well. As stated above, an ethnicityspecific array may be more helpful here as well. Another possibility to explain the absence of a signal in these genes is that their effect size might be somewhat smaller than the one observed in the rare variants of this experiment, and therefore the statistical experimental power is insufficient to show an association signal.
Regardless, it is of interest that rare variants identified in this study may contribute to BP variation as a polygenic trait. Studies of schizophrenia have identified rare variants from exome-based studies [76, 77] , demonstrating an enrichment of rare variants in genes containing common variants implicated in previous schizophrenia GWAS, aiding in fine-mapping of those loci. In our study, though the results did not reach statistical significance, the statistical support for low-frequency variants in ULK4 provides evidence for this as the specific gene within its SBP/DBP GWAS locus.
In summary, we identified several rare variants in 10 genes (AFF1, GAPDHS, SLC28A3, COL6A1, CRYBA2, KRBA1, SEL1L3, YOD1, CCDC13, and QSOX1) that are significantly associated with SBP and DBP traits in 15 914 individuals of African ancestry. In contrast to the previously identified common variants of most BP GWAS, and the rare variants in monogenic BP syndromes, this study has identified rare variants that are potentially contributory to BP as a polygenic trait, particularly in individuals of African ancestry. The prior experimental evidence of the involvement of these genes with related traits in animal models suggests that these genes are viable candidates for BP regulation and will benefit from additional investigation. In addition, the results of this study suggest that future studies relying on genotype arrays for analysis would offer more substantial findings using ethnicityspecific chips. Evidence of role in hypertension COL6A1 Encodes a collagen VI protein and provides structural support for a variety of tissues including the heart; has been shown previously, in addition to other VEGF-A pathway genes, to be associated with AVSD in patients with Down syndrome [63] SLC28A3 Encodes a sodium-dependent NT; NTs have many physiological regulatory roles including that of mediating adenosine concentration, which in turn affects vascular tone [64, 65] 
SEL1L3
Differentially expressed between male FCHL-CHD patients and non-FCHL-non-CHD controls in a microarray study [66] . Also upregulated with a >six-fold expression change in a rabbit microarray study comparing simulating conditions before and after repair of coarctation of the aorta, a condition that may evolve into chronic hypertension [67] ; as the authors stated, despite the surgically induced return to normal BP, the vasculature still retains its physical defects, and this gene may thus play a role in the continued residual effects YOD1 A deubiquitinase, targeted by miR-21 in the distal small pulmonary arteries of mice with pulmonary arterial hypertension exposed to hypoxic conditions, as well as in human pulmonary artery smooth muscle cells with transfected miR-21 [68] CCDC13 Encodes a centriolar satellite protein involved in primary ciliogenesis [44] ; this supports a potential role in hypertension present in individuals with autosomal dominant polycystic kidney disease, in which impaired primary cilia affects vascular tone [70, 71 ] QSOX1
